Compensatory mechanisms after genetic manipulations have been documented extensively for the nervous system. In many cases, these mechanisms involve genetic regulation at the transcription or expression level of existing isoforms. We report a novel mechanism by which single neurons compensate for changes in network connectivity by retuning their intrinsic electrical properties. We demonstrate this mechanism in the inferior olive, in which widespread electrical coupling is mediated by abundant gap junctions formed by connexin 36 (Cx36). It has been shown in various mammals that this electrical coupling supports the generation of subthreshold oscillations, but recent work revealed that rhythmic activity is sustained in knock-outs of Cx36. Thus, these results raise the question of whether the olivary oscillations in Cx36 knock-outs simply reflect the status of wild-type neurons without gap junctions or the outcome of compensatory mechanisms. Here, we demonstrate that the absence of Cx36 results in thicker dendrites with gap-junction-like structures with an abnormally wide interneuronal gap that prevents electrotonic coupling. The mutant olivary neurons show unusual voltage-dependent oscillations and an increased excitability that is attributable to a combined decrease in leak conductance and an increase in voltagedependent calcium conductance. Using dynamic-clamp techniques, we demonstrated that these changes are sufficient to transform a wild-type neuron into a knock-out-like neuron. We conclude that the absence of Cx36 in the inferior olive is not compensated by the formation of other gap-junction channels but instead by changes in the cytological and electroresponsive properties of its neurons, such that the capability to produce rhythmic activity is maintained.
Introduction
Gap junctions, the morphological correlate of electrical transmission (Bennett, 2002) , have been described in a substantial number of brain areas, including the cerebral cortex (Peters, 1980) , hippocampus (MacVicar and Dudek, 1981) , olfactory bulb (Landis et al., 1974) , cerebellar cortex (Sotelo and Llinás, 1972) , spinal cord (Matsumoto et al., 1988) , trigeminal nucleus (Hinrichsen and Larramendi, 1968) , and inferior olive (Sotelo et al., 1974; De Zeeuw et al., 1989) . Most, if not all, of the neuronal gap junctions in these brain regions are formed by connexin 36 (Cx36), a gap junction protein specific for neurons (Condorelli et al., 1998; Rash et al., 2000) . The functions of Cx36 in the hippocampus and cerebral cortex were addressed recently in a series of knock-out studies. It was suggested that axo-axonal gap junctions are crucial for high-frequency ripple oscillations in CA1 pyramidal cells (Schmitz et al., 2001; Spruston, 2001; Maier et al., 2002) , whereas gap junctions between interneurons in the cerebral cortex may be necessary for the generation of synchronous inhibitory activities underlying gamma oscillations (Deans et al., 2001; Hormuzdi et al., 2001 ). In addition, it has been shown that visual transmission is probably delayed in Cx36-deficient mice because of impaired coupling between amacrine and bipolar cells in the retina (Gueldenagel et al., 2001) . Despite these evidences, the correlation between the absence of Cx36 and neuronal gap junctions remains to be demonstrated at the ultrastructural level. This issue is particularly relevant because compensatory mechanisms such as an upregulation of other connexins or secondary morphological or cell physiological reactions could occur.
The high levels of Cx36 found in the rat inferior olive suggest that electrotonic coupling is most prominent in this brain region (Condorelli et al., 1998; Belluardo et al., 2000) . This notion is also supported by the high density and distribution of dendritic lamellar bodies, which are associated with dendrodendritic gap junctions (De Zeeuw et al., 1995 . Several roles have been proposed for electrotonic coupling in the inferior olive. For example, clustering of coupled olivary cells could play a role during development in the formation of sagittally organized zones in the cerebellar cortex, each of which receives its climbing fiber input from a particular olivary subnucleus (Voogd and Bigaré, 1980; De Zeeuw et al., 1994) . Other reports propose that electrotonic coupling in the olivary neurons may underly their ability to fire synchronously and thereby to trigger the onset of movements (Welsh et al., 1995; Ivry, 1996; Lang, 2001 ), or they raise the possibility that this process may, in fact, contribute to cerebellar motor learning (De Zeeuw et al., 1998; Kistler et al., 2000) . Furthermore, several studies have provided evidence that electrical coupling is essential for the generation of subthreshold oscillations in the inferior olive Yarom, 1981a,b, 1986; Yarom, 1993, 1997; Manor et al., 1997 Manor et al., , 2000 Loewenstein et al., 2001 ), which in turn could serve as a generator of temporal patterns (Yarom and Cohen, 2002) . However, a recent study of Cx36-deficient mice showed that their olivary neurons display subthreshold rhythmic activities, despite the fact that they lack functional coupling (Long et al., 2002) . Moreover, these mutants show a normal motor behavior, in that their locomotion and compensatory eye movements are relatively unaffected and they show a synchronized tremor after harmaline injections, which is comparable with that in wild-type mutants (Kistler et al., 2002) . These findings raise the question of how the rhythmic subthreshold activities in olivary neurons can be sustained in the Cx36 knock-out mutants and whether gap junctions are, in fact, essential for the generation of subthreshold rhythmic activities in wild-type mutants. After all, if there are no secondary compensations in the mutants, one could argue indeed that gap junctions between olivary neurons are not essential for the oscillations in wild types (Long et al., 2002) .
Here, we demonstrate that a lack of Cx36 in the inferior olive leads to abnormally thick dendrites with nonfunctional gapjunction-like structures, which in turn results in altered membrane properties that can account for the ability of olivary neurons to produce oscillatory behavior in the absence of normal gap junctions. We propose that the adaptive changes in intrinsic properties in the noncoupled network, such as to enable rhythmic activity, emphasize the importance of these oscillations for the normal function of the olivocerebellar system.
Materials and Methods
In situ hybridization. Cx36-deficient and wild-type mice were generated and characterized as described by Gueldenagel et al. (2001) . Subsequently, they were anesthetized by asphyxiation in CO 2 and decapitated, and their brains were carefully removed, frozen on dry ice, and stored at Ϫ80°C. The brainstems containing the inferior olive were cut into 14 m sections on a cryostat, mounted on polylysine-coated glass slides, and stored at Ϫ80°C. Slides were fixed in 4% paraformaldehyde (5 min) and acetylated in 1.4% triethanolamine and 0.25% acetic anhydride. Sections were then prehybridized (1 hr) in buffer containing 50% formamide, 5ϫ SSC, 5ϫ Denhardt's solution, 250 g/ml yeast tRNA (Sigma, St. Louis, MO) and 500 g/ml acid-alkali cleaved salmon testis DNA (Sigma). Hybridization was performed overnight at 65°C in prehybridization buffer containing 100 ng/ml digoxigenin-UTP-labeled cRNA probes. Probes were generated using a digoxigenin RNA labeling kit (Roche) according to the manufacturer's instructions. Sense and antisense probes generated against the full-length coding sequence of Cx36 were then hydrolyzed in 40 mM NaHCO 3 and 60 mM Na 2 CO 3 for 25 min at 60°C to generate fragments of ϳ300 bases. After hybridization, sections were washed in 0.2ϫ SSC at 65°C and blocked in 0.1 M Tris, pH 7.5, 0.15 M NaCl, and 10% heat-inactivated sheep serum (Sigma) for 1 hr at room temperature. Alkaline phosphatase-conjugated antidigoxigenin antibodies (Roche) were added to the sections in a dilution of 1:5000 in 0.1 M Tris, pH 7.5, 0.15 M NaCl, and 1% heat-inactivated sheep serum and incubated overnight at 4°C. After washing of the sections, color reactions were performed in 0.1 M Tris, pH 9.5, 0.1 M NaCl, 50 mM MgCl 2 , 2 mM levamisole (Sigma), 0.35 mg/ml nitroblue tetrazolium (Roche), and 0.18 mg/ml 5-bromo-4-chloro-3-indolylphosphate (Roche). Reactions were terminated on visual inspection (ϳ18 hr), counterstained in 0.1% Fast Red, dehydrated, and mounted in Permount (Fisher Scientific, Houston, TX).
Immunocytochemistry. Cx36-deficient and wild-type mice were anesthetized by asphyxiation in CO 2 and decapitated. Brains were dissected, cut into frontal brain blocks, and frozen in 8% methylcyclohexan in 2-methylbutan (v/v, Ϫ80°C). Immunohistochemistry was performed on cryosections of 14 m thickness fixed in cold ethanol for 10 min at Ϫ20°C, rinsed in PBS, and preincubated in blocking buffer (10% normal goat serum and 0.1% Triton X-100 in PBS) for 30 min. The Cx36 antibody was diluted in blocking buffer (dilution 1:500), and sections were incubated overnight at room temperature. This affinity-purified polyclonal antibody was directed to the cytoplasmic loop of mouse Cx36 and has been described by Teubner et al. (2000) . Preimmuneserum to this antibody served as an additional control for the specificity of the immunoreaction. After incubation, samples were rinsed in PBS, followed by a 30 min incubation in 0.2% BSA in PBS. Incubation with the secondary antibody (Alexa Fluor 488 goat anti-rabbit; Molecular Probes, Leiden, The Netherlands) was performed at a 1:4000 dilution in blocking buffer for 2 hr at room temperature. After rinsing in PBS, the sections were mounted using the ProLong Antifade kit (Molecular Probes). Fluorescence was documented using confocal imaging microscopy (LSM 510 inverted confocal microscope, argon/krypton laser; Zeiss Oberkochen, Germany). Data were collected as single planes using the single track scanning module. All data were exported as TIFF files into Adobe Photoshop 5.5 (Adobe Imaging Systems Inc., San Jose, CA) for documentation.
Rapid Golgi staining. Cx36-deficient and wild-type mice were anesthetized by asphyxiation in CO 2 , perfused with 0.01 M sodium cacodylate in 9% NaCl and 4% paraformaldehyde in 0.1 sodium cacodylate, and decapitated. Brainstems including the inferior olive were dissected, cut into 80 m slices, and incubated for 2 d in 3.5% K 2 Cr 2 O 7 /0.12% OsO 4 . Subsequently, the sections were rinsed in 3.5% K 2 Cr 2 O 7 , embedded in 4% agar, and rinsed in 0.75% AgNO 3 and Aquadest at 4°C. After 60 min in kodalith, the sections were rinsed in Aquadest at 4°C, 1% Na 2 S 2 O 3 , and 5% H 2 O, and mounted. Quantitative analyses of the Golgi material were performed with the use of automized camera lucida equipment. Quantitative analyses were done with the use of camera lucida equipment.
Electron microscopy. Adult Cx36Ϫ/Ϫ mice, Cx36ϩ/Ϫ mice, and wildtype littermates were anesthetized with an overdose of Nembutal and transcardially perfused with 4% paraformaldehyde and 1% glutaraldehyde in 0.12 M cacodylate buffer; the brainstem containing the inferior olive was then processed for electron microscopy as described by De Zeeuw et al. (1989) . In short, 100-m-thick sections were cut on a vibratome, osmicated in OsO 4 , stained en bloc in tannic acid and uranyl acetate, dehydrated in dimethoxypropane, and embedded in Araldite. Subsequently, the various olivary subnuclei were identified on semithin sections, pyramids were made, and ultrathin sections were cut accordingly on a Reichert ultratome, counterstained with uranyl acetate and lead citrate, and examined with the use of a Philips CM-100 electron microscope. The sections of the various tissue blocks were systematically screened per surface area, and the gap junctions and gap-junction-like structures were identified and quantified.
Dye coupling. The experiments were performed on 300 m coronal slices of the inferior olive obtained from the brainstem of adult wild-type and homozygous Cx36 null-mutant mice. After identification of an olivary neuron, glass micropipettes containing either Lucifer yellow (2-4%) or Neurobiotin (5%) were inserted into the cell according to Bacskai and Matesz (2002) . In the Lucifer yellow experiments, frozen sections were examined under a fluorescent microscope, whereas Neurobiotin was visualized with the use of ABC reagent and a DAB solution according to standard procedures.
Electrophysiology. Whole-cell patch technique was used for intracellular recordings of either voltage or current activity of olivary neurons in brainstem slices. Parasagittal slices (300 m) were prepared from the brainstem of wild-type and homozygous Cx36 null-mutant mice that were at least 1 month of age. Slice preparation and recording techniques have been described in detail previously by Devor and Yarom (2002a,b) . Recordings were performed at room temperature (22-25°C) in a physiological solution containing (in mM): 127.2 NaCl, 1. To characterize the densities of ionic currents, we measured the cur- rent responses to a series of negative voltage steps from a holding potential of Ϫ50 mV. The current traces ( Fig. 1 A) were averaged and saved for off-line analysis. The capacitive current (used for estimating the surface area; inset A) and the input resistance were measured from the response to Ϫ4 mV voltage step (top trace). The h current and the Ca 2ϩ current (inset B) as well as the late outward current (I AHP ) were measured as indicated in the figure. Because the capacitive current is correlated with surface area, we used this current to compute current densities. It is therefore of utmost importance to measure the capacitive current with maximal reliability. To demonstrate the validity of our measurement method, we plotted the cell capacitance (calculated from the integral of the capacitive current) as a function of the input conductance (Fig. 2) . The linear relationships for both wild type and knock-out assessed the validity of our measurement protocol. The slopes of these linear curves closely represent the membrane time constants (3.7 and 6.0 msec for wild type and knock-out, respectively).
Dynamic clamp. We used the dynamic-clamp technique (Sharp et al., 1993) to artificially decrease a leak conductance, or add an low-threshold calcium (LTC)-like conductance, into olivary neurons. Briefly, we continuously acquired the voltage of the cell (V), computed a conductance, calculated the driving force, and injected the product back into the cell, using an update rate of 2 kHz. To decrease a leak conductance g L , before the dynamic-clamp injection, we measured the resting potential of the cell (V r ) and used this value as the equilibrium potential for this conductance. To add an LTC-like conductance, g T , we solved on-line a set of differential equations that described the voltage dependence and time dependence of this conductance. We used the following equation:
where G T is the maximal conductance and x ϭ m, h are state variables that obey the following kinet-
; V 1/2 in mV: m ϭ Ϫ61, h ϭ Ϫ85.5; k in mV: m ϭ 4.3, h ϭ 8.6; m ϭ 5 msec; and h is voltage dependent equal to 220 msec at Ϫ90 mV (for details, see Manor et al., 1997) .
Results

In situ hybridization and immunocytochemistry
To find out whether Cx36 is ubiquitously expressed among neurons of the olivary subnuclei in mice, we investigated the murine inferior olive using in situ hybridization and immunocytochemistry. After application of antisense Cx36 probes, all neurons of all olivary subnuclei of wildtype mice were positively labeled at all rostrocaudal levels (Fig. 3) . In contrast, none of the olivary neurons in wild-type mice were labeled with the use of sense probes, and none of the olivary neurons in Cx36 knock-out mice were labeled with the use of antisense probes. After immunocytochemical application of antibodies against Cx36, all olivary subnuclei of wild-type mice showed a clear punctate labeling throughout their neuropil, whereas no labeling was observed in Cx36 null-mutant mice (Fig. 4) . Together, these data indicate that all olivary neurons in wild-type mice express Cx36 and form gap junctions.
Cytoarchitecture
Analyses of Golgi-stained sections of the inferior olive of wild-type mice (n ϭ 4) and Cx36 knock-out mice (n ϭ 4) did not reveal a significant difference in average diameter of the cell bodies (12.8 Ϯ 1.4 m for wild-type mice vs 13.7 Ϯ 0.9 m for Cx36 knock-out mice), average length of the stained dendrites (59 Ϯ 23 vs 60 Ϯ 25 m), or average density of stained spines per micrometer of dendrite (0.13 Ϯ 0.05 vs 0.12 Ϯ 0.04). However, we did observe a significant difference in the average thickness of the proximal dendrites (Fig. 5) . When measured 5 m distally to the soma, the average diameter of the dendrites was 1.9 Ϯ 0.3 m in wild types and 2.6 Ϯ 0.3 m in Cx36 knock-outs ( p Ͻ 0.05; t test). The ramifications of the dendrites, in contrast, were not different when analyzed with topological analyses that provided values for the symmetry of arborizations (Van Pelt et al., 1992). 
Electron microscopy
Ultrastructural analyses of gap junctions (n ϭ 178) of neurons in the inferior olive of wild-type mice (n ϭ 6) showed that they have the same general morphological characteristics as described for other mammals (for review, see De Zeeuw et al., 1998) . Characteristics consist of a plaque with an average diameter of 272 Ϯ 26 nm and an interneuronal space of 3.2 Ϯ 0.4 nm thickness; they show electron-dense deposits at both sides of the membrane and have attachment plaques surrounding the plaque with gapjunction channels (Fig. 6) . Moreover, the vast majority of olivary gap junctions in mice connect two dendritic spines that are located in the core of a glomerulus, which is surrounded by both inhibitory and excitatory terminals.
In all olivary subnuclei of homozygous Cx36-deficient mice (n ϭ 5), we observed gap-junction-like structures (n ϭ 144) that met all criteria mentioned previously, except that they lacked a plaque with a narrow interneuronal space; their average interneuronal space was approximately three times wider (9.2 Ϯ 1.4 nm; p Ͻ 0.004; Student's t test) (Figs. 7, 8) . The average distance between the attachment plaques (423 Ϯ 92 nm) of the gapjunction-like structures was not significantly different ( p ϭ 0.64; F test) from that of gap junctions in wild-type littermates (416 Ϯ 46 nm). All gap-junction-like structures were also positioned between two dendritic profiles in the core of glomeruli. Moreover, the morphological characteristics of the glomeruli themselves, just as those of the extraglomerular neuropil, including the presence and shape of dendritic lamellar bodies, appeared normal. However, the average density of gap-junction-like structures in the olive of Cx36-deficient mice (56 per mm 2 ) was significantly lower ( p Ͻ 0.01; Student's t test) than that of gap junctions in wild-type littermates (85 per mm 2 ). Smaller-sized gap-junction plaques, as described by Raviola and Gilula (1975) for example, were not observed in the mutants. With regard to the size of the dendrites, we observed that the average diameter of proximal dendrites (2.7 Ϯ 0.4 m), as identified by the presence of ribosomes (De Zeeuw et al., 1989) , was significantly larger ( p Ͻ 0.03; t test) in mutants than in wild types (1.8 Ϯ 0.4 m). No significant differences were observed for the diameters of distal dendrites. The morphology and density of glial gap junctions were not affected in Cx36-deficient mice. Finally, the density of neurons as counted in both the ultrathin and semithin sections was not significantly different in Cx36-deficient mice.
In the inferior olive of heterozygous Cx36-deficient mice (n ϭ 4), we observed gap junctions (n ϭ 73) that showed all essential criteria for true gap junctions, including a normal interneuronal space of ϳ2.9 Ϯ 0.3 nm. Yet, the average diameter of the plaque was significantly reduced to 209 Ϯ 27 nm compared with wildtype mice ( p Ͻ 0.05; Student's t test) (Figs. 7, 8 ). Even so, the average distance between the attachment plaques bordering the gap-junction plaque as analyzed in the two-dimensional electron microscopic plane (454 Ϯ 77 nm) was similar to those in wild types (416 Ϯ 46 nm) and homozygous (423 Ϯ 92 nm) animals, and the density of gap junctions (78 per mm 2 ) was not significantly lower than that of wild-type animals.
We conclude from these data that (1) the absence of Cx36 leads to plaque-lacking gap-junction-like structures with an abnormally wide interneuronal space, (2) reduced expression of this connexin results in gap junctions with smaller plaques, and (3) Cx36 is therefore probably necessary for the formation and assembly of connexin-hemichannels in plaques of neuronal gap junctions in the inferior olive. Thus, if there is any morphological compensation in the homozygous knock-out mice, it appears to occur at the level of proximal dendrites rather than at the abnormally noncoupled dendritic spines.
Dye coupling
The ultrastructural data described above suggest that there is no functional coupling in the inferior olive of Cx36-deficient mice. To confirm this observation, we injected Lucifer yellow into olivary neurons in 250-m-thick slices of both wild-type and Cx36-deficient mice (Fig. 9) . In slices of wild-type animals (n ϭ 21), the intracellular injections provided labeled clusters of 4 -14 neurons (with an average of 9 Ϯ 3.2). In contrast, virtually all injections in mutant slices yielded single labeled neurons (n ϭ 16), with the exception of two cases in which we obtained a cluster of two and three cells. Apart from the differences in the size of the proximal dendrites, we did not observe any sign of abnormal morphology or collateralization of the olivary axons or dendrites. In addition, we investigated the coupling with the use of intracellular injections of Neurobiotin in Cx36-deficient mice (n ϭ 8) and wildtype littermates (n ϭ 6); in all Cx36-deficient mice, the injections resulted in labeling of single neurons only (n ϭ 16), whereas those in the wild types always provided clusters of multiple neurons (n ϭ 18, with an average of 8 Ϯ 3.8). These results indicate that electrotonic coupling in the inferior olive is severely affected in Cx36-deficient mice.
Electroresponsive properties
To investigate the impact of a lack of Cx36 on electroresponsive properties of olivary neurons, whole-cell patch recordings were performed in wild-type mice (n ϭ 43) and homozygous Cx36-deficient mice (n ϭ 22). In dual recordings from wild-type olivary neurons, 62% (n ϭ 8) of the pairs showed bidirectional Figure 6 . Ultrastructural characteristics of a dendrodendritic gap junction in the inferior olive of a wild-type (WT) mouse. In wild-type mice, the gap junctions between olivary dendritic spines (asterisks) showed electron-dense deposits in the cytoplasm at both sides of the membrane; in addition, they had attachment plaques (arrowheads) surrounding the plaque with gap-junction channels (arrows), and the interneuronal gap of this plaque was ϳ3 nm thick. B shows a higher magnification of the inset depicted in A. Scale bars: A, 167 nm; B, 82 nm. direct current flow (Fig. 10 A) . None of the 10 pairs of knock-out neurons showed direct coupling (Fig. 10 B) . These findings support our anatomical findings, which suggest that no functional gap junctions exist in the homozygous mutants. In addition, they illustrate that our Cx36-deficient mutants, which were created in a different laboratory with a different cloning strategy (Gueldenagel et al., 2001) , show the same basic cellular deficits as the line of Cx36 knock-out mice used by Long et al. (2002) .
Both wild-type and Cx36-deficient olivary neurons displayed characteristic high-and low-threshold Ca spikes on stimulation with a depolarizing current pulse (Fig. 11, top) . As shown previously in rats and guinea pigs Yarom, 1981a,b, 1987; Devor and Yarom, 2002a,b) , the low-threshold Ca spike, which triggered an Na-dependent action potential, was readily elicited by a positive current pulse when the membrane voltage was held at hyperpolarized levels (less than Ϫ70 mV). When the membrane potential was held at depolarized levels (more than Ϫ45 mV), a positive current pulse elicited an Na-dependent action potential that triggered a high-threshold Ca spike. The latter was manifested as a prolongation of the action potential, followed by a long-lasting hyperpolarization.
Although both wild-type and Cx36-deficient neurons showed similarity in their responses to depolarizing current pulses, they differed considerably in their responses to hyperpolarizing current pulses. The responses of wild-type neurons resembled those previously reported in guinea pig and rat olivary neurons (Llinás and Yarom, 1987; Bal and McCormick, 1997; Devor and Yarom, 2000) . Specifically, during a prolonged hyperpolarization, the voltage response partially decreased (sag) and a rebound lowthreshold response was elicited on termination of the hyperpolarization (Fig. 11, bottom left) . The responses of mutant olivary neurons were dramatically different. With a sufficiently large hyperpolarizing pulse, the sag response developed into a lowthreshold Ca spike (Fig. 11, bottom right ). An additional increase in the level of hyperpolarization increased the amplitude of the low-threshold Ca spike, eventually triggering an Na-dependent action potential.
Rhythmic activity
The extraordinary response of all mutant neurons (n ϭ 22) to injection of negative current pulses indicates that the lack of Cx36 leads to abnormal electrical properties of olivary neurons. These properties were manifested as an increase in the neuronal excitability when the membrane potential was more negative than Ϫ60 mV. Indeed, when neurons were hyperpolarized by DC injections, rhythmic activity was elicited. Figure 12 (right) shows voltage traces recorded from a mutant neuron at different levels of membrane potential. With no current injected, the neuron was quiescent (top trace). Shifting the membrane potential by Ϫ8 mV evoked rhythmic activity that increased in amplitude and frequency with additional hyperpolarization. Occasionally, the amplitude reached the firing threshold and Na-dependent action potentials were elicited (fourth trace). An average frequency of 2.2 Ϯ 0.7 Hz was calculated in seven cells. Additional hyperpolarization blocked this spontaneous rhythmic activity (bottom trace). This behavior considerably differed from the subthreshold oscillatory activity recorded in wild-type neurons, where rhythmic activity was voltage independent and could not be elicited or Figure 7 . Ultrastructural characteristics of a dendrodendritic gap-junction-like structure in the inferior olive of a Cx36-deficient mouse (A, B) and a Cx36ϩ/Ϫ mouse ( C). In homozygous Cx36-deficient mice, no normal gap junctions were observed, but instead the dendrites showed numerous gap-junction-like structures with a widened interneuronal gap of ϳ9 nm (arrows in B). Note that the micrograph in A shows a typical olivary glomerulus with a core of dendritic spines (asterisks) surrounded by terminals (T) and glia. In heterozygous Cx36-deficient mice, the olivary gap junctions showed a normal interneuronal gap of ϳ3 nm, but the average diameter of the plaque (pl in C) was significantly reduced, whereas the distance between the attachment plaques (arrowheads) remained normal. B shows a higher magnification of the inset depicted in A. Scale bars: A, 150 nm; B, 75 nm; C, 105 nm.
abolished by current injection. An example of subthreshold oscillatory activities in a wild-type neuron, which were observed in 14 of 29 cells, is shown in the left panel of Figure 12 . Across the different neurons, the average frequency of these oscillations was 1.28 Ϯ 0.4 Hz. These results show that the subthreshold oscillations in the mutant olivary neurons are generated by the intrinsic properties of the cells, as opposed to the wild-type oscillations that emerge from a network of electrically coupled neurons (Manor et al., 1997; Loewenstein et al., 2001) . Hence, the knockout mutation triggers a cascade of events that transforms olivary neurons from quiescent cells to conditional oscillators.
Current measurements
The finding that olivary neurons seem to transform into conditional oscillators raises the question of what type of changes induce such a functional transformation. In previous modeling studies, we have shown that a model cell consisting of only leak and calcium conductances could be transformed from a quies- cent cell into a conditional oscillator, by either reducing its leak conductance or increasing its Ca 2ϩ conductance (Manor et al., 1997 (Manor et al., , 2000 . This finding provides a possible explanation for the changes observed in the mutant mice, which can be directly measured by voltage-clamp experiments and tested with the use of the dynamic-clamp technique. Figure 13 shows an example of current responses in a wildtype neuron (Fig. 13A ) and a knock-out neuron (Fig. 13B) . The analysis of these currents is summarized in Table 1 (see Materials and Methods). The average input resistances of wild-type and mutant neurons were 86.3 Ϯ 20 M⍀ (n ϭ 9) and 127.1 Ϯ 34.5 M⍀ (n ϭ 9), respectively. A higher input resistance in the mutant neurons is expected, because the loading effect of neighboring cells is removed. Normalizing the input resistance by the surface area revealed a significantly higher specific membrane resistance (R m ) of knock-out neurons compared with wild-type neurons (50.6%). In addition, the knock-out neurons exhibited a significantly larger peak Ca 2ϩ current (133.7%). The latter corresponds to an increase in current density of 0.03 mS/ cm 2 . In contrast, neither the I h nor the I AHP showed any significant changes. Thus, we conclude that knock-out neurons are characterized by an increase in Ca 2ϩ conductances and a decrease in leak conductances. Can these differences account for the observed changes in the electrical behavior of the neurons?
Dynamic clamp
To examine this possibility, we used the dynamic-clamp technique to artificially decrease the leak conductance and increase the calcium conductance of wild-type neurons. Figure 14 A shows the responses of a wild-type neuron to negative current pulses. When we decreased the leak conductance by 0.2 mS/cm 2 (a 50% increase in the input resistance), the amplitude of the partial repolarization was enhanced, but it was not sufficient to generate an action potential (Fig. 14 A, second panel) . The addition of 0.4 mS/cm 2 calcium conductance further increased the partial repolarization and triggered a regenerative Figure 11 . Olivary neurons from Cx36-deficient mice are more excitable at hyperpolarized states. Whole-cell patch recordings show the responses of olivary neurons from wild-type (WT) mice (left column) and mutant mice (right column) to depolarizing (top) and hyperpolarizing (bottom) current injections. The depolarizing pulses (top) elicited high-and low-threshold calcium responses (top and bottom traces, respectively) in both wild-type and Cx36Ϫ/Ϫ mice. The response to hyperpolarizing current steps of mutant mice is characterized by an activation of a low-threshold calcium spike that triggered a sodium-dependent action potential.
Figure 12.
Oscillations are voltage dependent in the Cx36 knock-out mice (right) and independent in wild-type (WT) mice (left). Each panel shows five traces recorded at a different membrane potential, which was set by DC injection. The average voltage of each trace is marked (arrow). In mutant olivary neurons, the oscillations occurred at a limited range of voltages (traces 2-4), which does not include the resting potential (trace 1). In wild-type mice, the oscillations occurred at all levels of membrane potentials.
calcium response (third panel). An additional increase in calcium conductance to 0.9 mS/cm 2 increased the calcium response, which at this level was sufficient to trigger a sodium-dependent action potential. Similar results were obtained when the kinetics of the low-threshold calcium conductance was modified, for example by shifting the activation curve in the hyperpolarized direction. Under these conditions, however, a much smaller increase in the low-threshold conductance was needed to mimic the knock-out phenotype.
We also examined the possibility that a wild-type cell could be transformed into a conditional oscillator by solely increasing the input resistance. Figure 14 B shows that this was indeed possible. However, in this case, the average increase in input resistance required for eliciting an action potential by a hyperpolarizing current pulse was 240% (n ϭ 9), five times larger than the measured difference between wild-type and mutant neurons (50%). We conclude that a wild-type neuron in which leak conductance was decreased and calcium conductance was increased best fit the electroresponsiveness of mutant cells.
Discussion
Gap-junctional coupling and subthreshold oscillations are integral and related components of the olivary network. Yet, olivary oscillations are sustained in knock-outs of Cx36 (Long et al., 2002) . Here, we show that these voltage-dependent oscillations in Cx36-deficient mice differ from those in wild-type mice, and that they are attributable to both structural and electrophysiological compensations. The structural compensations do not include a functional restoration of the gap-junction plaques but instead an increase in diameter of the proximal dendrites and a concomitant increase in surface area of the olivary neurons; the electrophysiological compensations include a decrease in leak conductance and an increase in voltage-dependent calcium conductance, leading to an increase in excitability. Thus, the absence of Cx36 triggered such compensatory mechanisms that the capacity of the uncoupled olivary neurons to produce rhythmic activity was preserved.
Cytological and ultrastructural changes
Several studies of higher brain regions, such as in the hippocampus and cerebral cortex, have demonstrated the impact of a lack of Cx36 at the cellular and systems physiological level (Deans et al., 2001; Hormuzdi et al., 2001; Schmitz et al., 2001; Spruston, 2001) . To the best of our knowledge, our work is the first to demonstrate the consequences of the absence of electrical coupling at the ultrastructural level. Gap junctions of olivary neurons in wild-type mice showed the same morphological characteristics as described previously for other mammals (Sotelo et al., 1974 (Sotelo et al., , 1986 Rutherford and Gwyn, 1977; King et al., 1980; De Zeeuw et al., 1989 , 1994 . These gap junctions are predominantly located between dendritic spines within the olivary glomeruli. Each gap junction consists of a central plaque crossed by a narrow interneuronal space of ϳ3 nm thickness and surrounded by attachment plaques. The cytoplasm on both sides of the plaque contains electron-dense deposits. In contrast, in Cx36 null mutants, we observed a gap-junction-like structure that resembled the normal gap junction, except for an abnormally wide interneuronal space of ϳ9 nm, resulting in the absence of the central plaque. Indeed, other morphological characteristics associated with gap junctions, such as the electron-dense deposits, the dendritic lamellar bodies, the distance between the attachment plaques, or the glomeruli themselves, were not affected. In heterozygous animals, normal gap-junction structures were observed; although the central plaques had a reduced diameter, uniform gap-junction-like structures were distributed throughout all olivary subnuclei. This observation is consistent with the experiments showing that all wild-type olivary neurons express Cx36 mRNA and that the entire neuropil of all olivary subnuclei shows labeled puncta after immunocytochemistry with anti-Cx36. These data diverge somewhat from those presented by Long et al. (2002) , who noted that not all olivary neurons in lacZ-Cx36 mice were positively labeled. The fact that not only all cells in the wild-type mice were positively labeled in our light-microscopic labeling studies, but also that all gap junctions of the knock-out mice were affected in both our electron microscopic and electrophysiological experiments suggest to us that all olivary neurons do express Cx36. Possibly, the lacZ Cx36 mutant provides partly false negative results because of some interference with gene regulation sites (Koponen et al., 2002) . In view of the ultrastructural observations, we suggest that the gap-junction-like structures represent the sites at which gap junctions should have been formed. This leads to three conclusions: first, the site of gap-junction formation is Cx36 independent and is probably determined by the other components that form the gap-junction-like structures. Second, there is no sufficient upregulation or induction of expression of other connexin isoforms that may compensate for a lack of Cx36. Third, Cx36 is necessary for attaching the membranes of two neurons, probably via direct binding between the opposing extracellular loops of the Cx36 hemichannels. Thus, the assembly of fully operational gap junctions in the olive cannot occur without Cx36. This possibility was confirmed by dye-coupling experiments and paired recordings, which failed to demonstrate direct electrical coupling between olivary neurons of homozygous Cx36Ϫ/Ϫ mice.
Physiological changes
As shown by Long et al. (2002) , olivary neurons of Cx36-deficient mice reveal oscillations despite the fact that they are not functionally electrotonically coupled. Yet, here we show that these oscillations are qualitatively different compared with those of the wild-type mice in that (1) they do not occur spontaneously, but are triggered by intracellular hyperpolarization; (2) they occur in a limited range of membrane potentials; and (3) their frequency depends on the membrane potential. These differences indicate that in contrast to the wildtype mutant, oscillations in the Cx36 mutant are a single-cell phenomenon. Thus, we propose that the lack of functional gap junctions induces compensatory processes that restore, at least partially, the propensity of olivary neurons to oscillate. Recently, analogous compensations have been observed in mutated neurons of the lobster stomatogastric ganglion in which a potassium conductance Shal was overexpressed (MacLean et al., 2003) . This overexpression by RNA injection produced a large increase in I A but surprisingly little change in the firing properties of the neuron. The increase in I A was accompanied by a dramatic and linearly correlated increase in a hyperpolarizationactivated inward current I h . Thus, these results also suggest a selective coregulation of channels as a mechanism for constraining cell activity within appropriate physiological parameters.
What mechanisms could underlie the compensatory processes in the uncoupled olivary neurons? The observation that oscillations in Cx36 mutants are voltage dependent suggests that a change in the composition or type of ionic channels has occurred. Indeed, voltage-clamp experiments show that the membrane of knock-out neurons has a significantly higher specific membrane resistance and higher Ca 2ϩ conductance. The higher membrane resistance of knock-out neurons is also inferred from the linear correlation between cell capacitance and input conductance. In addition, we found that knock-out neurons have a significantly larger membrane area. This is in contrast to the expected smaller area because of the lack of coupled neurons. However, this result is in line with our observations at both the light-microscopic and ultrastructural level, which showed that proximal dendrites are significantly thicker in mutants than in wild types. Although we did not observe any difference with respect to the length of the dendrites, we cannot exclude such an additional difference, because neither the rapid Golgi staining nor the dye coupling always completely extended into all peripheral dendrites.
The observations that knock-out neurons have both a higher input resistance and larger surface membrane point toward differences in the specific membrane properties. Using the dynamic-clamp technique, and on the basis of previous modeling studies (Manor et al., 1997 (Manor et al., , 2000 , we have demonstrated that such differences are sufficient to replicate the electroresponsive properties of Cx36 mutants. It should be noted that the changes in specific membrane properties used in the dynamic-clamp experiments are larger than the measured changes between wildtype and knock-out olivary neurons. This overestimation of the dynamic-clamp approach is probably attributable to a technical limitation of the technique. Indeed, in the dynamic clamp we mimicked conductance changes distributed across the entire neuronal structure by injecting current in the soma. As a result of cable attenuation effects, we needed to inject large amounts of current to introduce changes to conductances that were far away from the soma. Nevertheless, this inconsistency does not detract us from our main conclusion, that such changes can transform a wild-type neuron into its knock-out variant.
An interesting question is how these changes are produced. One possibility is that the expression of a specific gene, or a group of genes, is directly regulated, for example, by changes in calcium flow. Another possibility is that in early developmental stages the olivary nucleus consists of a heterogeneous population of neurons. During maturation, a developmental process could select for a specific type of neuron that is endowed with the capability to produce oscillations at hyperpolarized membrane potentials. The advantage for selection of this type of conditional oscillators is clear, because sustained and unsynchronized oscillations are not useful for information processing. In the wild type, the occurrence and synchronization of oscillations are controlled via the extent and distribution of electrotonic coupling . With this mechanism unavailable in mutants, regulation of rhythmic activity could be achieved by hyperpolarizing a specific subset of olivary neurons, for example by activating a common synaptic inhibitory input. Such input, if given in synchrony and with similar strength, would trigger an in-phase oscillation of identical frequency across the neurons of this subset. Regardless of the specific mechanism, the fact that compensatory processes are engaged points out the importance of these oscillations for the proper function of the olivocerebellar system.
The plasticity of the nervous system enables it to use different strategies to preserve patterns of activity under changing conditions. Here, we have demonstrated this general principle by preventing the use of electrical coupling. The system responded by choosing an alternative and novel strategy: modification of intrinsic properties of neurons.
